The ever-increasing use of engineered nanomaterials will lead to heightened levels of these materials in the environment. The presentreviewaimstoprovideacomprehensiveoverviewofcurrent knowledge regarding nanoparticle transport and aggregation in aquatic environments. Nanoparticle aggregation and deposition behavior will dictate particle transport potential and thus the environmental fate and potential ecotoxicological impacts of these materials. In this review, colloidal forces governing nanoparticle deposition and aggregation are outlined. Essential equations used to assess particle-particle and particle-surface interactions, along with Hamaker constants for specific nanoparticles and the attributes exclusive to nanoscale particle interactions, are described. Theoretical and experimental approaches for evaluating nanoparticle aggregation and deposition are presented, and the major findings of laboratory studies examining these processes are also summarized. Finally, we describe some of the challenges encountered when attempting to quantify the transport of nanoparticles in aquatic environments.
Introduction
Featuring unique electronic, optical, thermal, and photoactive properties, nanomaterials are ideal candidates for a multitude of current and potential industrial applications (1, 2) . With the rising demand for such materials and an increase in their production, nanoparticle release into the environment is inevitable and exposure more likely. Once present in the biosphere, the novel particles may interact with humans and organisms in an unforeseen fashion (3) . Thus, it is essential to elucidate the effects such materials can have on both human and environmental health as a result of exposure via different routes.
Exposure can occur at the production, consumption, and disposal stages of particle life (4, 5) . Particles either enter the environment directly (e.g., due to unintentional release or for remediation purposes) or indirectly by way of waste incineration plants, sewage treatment plants, and landfills (4, 5) . Once released, the particles will interact with each other and with their surrounding environments (be it in air, water, or soil) (6, 7) . While particle release occurs within all of these environments, the present review focuses on nanoparticle deposition and aggregation in aquatic systems.
When released into aquatic environments, nanoparticle behavior is dependent on particle-specific properties (e.g., size, shape, chemical composition, surface charge, and coating), particle state (free or matrix incorporated), the surrounding solution chemistry (e.g., pH, ionic strength, ionic composition, natural organic matter content), and hydrodynamic conditions (1, 2) . Such factors are important in determining whether particles aggregate with other particles or deposit onto various environmental surfaces (2) . Recognizing which interactions particles experience under different conditions is essential in predicting their fate in the environment and thus likelihood of exposure.
Under conditions resulting in favorable (non-repulsive) particle-surface interactions, nanomaterials will be less likely to travel extensive distances (8) . The opposite holds under unfavorable (repulsive) deposition conditions (8) . Additionally, an understanding of particle-particle interactions is also imperative when considering particle transport, as aggregation greatly affects particle behavior in the natural environment (2) . Changes in particle size and shape resulting from aggregation may significantly alter transport potential as well as nanomaterial reactivity and toxicity (1) . Whereas nanoparticle transport through aquatic environments is expected to be dominated by random Brownian diffusion (9, 10) , an increased particle size imparted by aggregation may result in particle-surface collisions due to gravitational sedimentation and interception (2, 9) . In addition, nanoparticles may associate and aggregate with other naturally occurring substances, such as organic matter, naturally occurring colloidal matter, and dissolved molecules (e.g., phosphates and sulfates) (1) . Finally, nanoparticles may experience chemical transformations when suspended in natural aquatic environments, including oxidation/reduction, partial dissolution, hydrolysis, and biological degradation (1, 11) . Whether such associations and transformations facilitate nanoparticle transport or augment nanoparticle deposition has not been well examined and will depend on the properties exhibited by the nanoparticles, other naturally occurring materials, and the environmental conditions.
Overall, it is essential to elucidate which physicochemical interactions govern particle-surface and particle-particle interactions under conditions representative of aquatic environments. While a great deal of work analyzing the behavior of micrometer-sized particles in various aquatic environments has been performed, limited data (and quantitative analysis) are available for nanosized particles, both in terms of aggregation and deposition (15, 16, 20, 25, 44, . As a result, two key questions remain unanswered. First, how do specific particle and environmental properties affect deposition and aggregation? Second, are the current approaches and models used in quantifying colloidal interactions and transport applicable to nanomaterials?
This paper provides critical review and assessment of existing research and approaches examining the deposition and aggregation behavior of engineered nanomaterials in aquatic systems. First, colloidal forces central to nanoparticle deposition and aggregation, including traditional Derjaguin-Landau-Verwey-Overbeek (DLVO), non-DLVO, and nanoparticle-specific interactions, are summarized. Next, theoretical and experimental approaches for evaluating nanoparticle aggregation and deposition under both favorable and unfavorable conditions are discussed. Finally, the challenges commonly faced when attempting to quantify the environmental transport of engineered nanoparticles are outlined.
Engineered Nanomaterials in Aquatic Systems: From "A"luminum to "Z"irconium
The presence of nanomaterials in the environment is not novel. Both fullerenes (C 60 ) and carbon nanotubes (CNTs) were discovered in 10,000-year-old polar ice cores (97) . However, the current rise in anthropogenic nanomaterial production will result in heightened environmental levels of such products (4) . Nanoparticle release into the biosphere will originate at both point sources (e.g., production sites, landfills, treatment plants) and nonpoint sources (e.g., release into the environment during use and consumption of nanomaterial-containing goods) (2, 4) . Global production estimates for nanomaterials range from 350 and 500 tons/yr for CNTs and nanosilver (nAg), respectively, to 5000 tons/yr for titanium dioxide (TiO 2 ) nanoparticles. Predicted environmental concentrations for these particle types have also been estimated, with soil concentration estimates ranging from 0.01 and 0.02 µg/kg for CNTs and nAg, respectively, to 0.4 µg/kg for nTiO 2 (4) .
The intentional injection of nanoparticles into the subsurface for remediation purposes is an additional entry route into the environment (82) . It has been demonstrated that nanoscale zerovalent iron (nZVI) can treat a variety of groundwater contaminants, including pesticides and chlorinated organic solvents (2) . While a potentially excellent candidate for large-scale site remediation, the environmental transport, fate, and impact of such particles remains to be determined.
Anthropogenic nanomaterials consist of intentionally manufactured products (referred to as manufactured or engineered nanomaterials) and accidental byproducts resulting from wear, corrosion, waste, and combustion of bulk materials (5) . A large variety of engineered organic (carbonbased) and inorganic (includes metallic, bimetallic, metal oxide, and semiconductor-based) particles are currently available. Table S1 in the Supporting Information presents a selection of commonly encountered nanomaterials and their key physicochemical characteristics. As can be noted in Table S1 , current manufactured nanomaterials vary significantly in isoelectric point, shape, and composition, with particles containing elements ranging from Al to Zr. For a more extensive summary describing nanoparticles and their applications, refer to (1) . Additionally (1, 4) , the Woodrow Wilson International Center for Scholars has developed an extensive inventory of consumer products incorporating nanotechnology (http://www.nanotechproject.org/).
Colloidal Forces Governing Nanoparticle Deposition and Aggregation
Particle-particle interactions and particle-surface interactions play key roles in controlling the aggregation and deposition behavior of nanoparticles in aquatic environments. These interactions have traditionally been described by the DLVO theory of colloidal stability. However, non-DLVO forces such as steric, magnetic, and hydration forces can also play an important role in the aggregation and deposition of engineered nanomaterials.
Traditional Colloidal Interactions. The classical DLVO theory (98, 99) of colloidal stability describes the total interaction energy experienced by a nanoparticle when approaching another particle (in the case of aggregation) or a collector surface (in the case of deposition). According to the DLVO theory, the stability of nanoparticles suspended in an aqueous environment can be evaluated as the sum of van der Waals (VDW) and electrical double-layer (EDL) interactions. The resultant interaction energy (V T ), the sum of VDW and EDL interactions, determines the particle stability as the two surfaces approach one another.
VDW forces result from electrical and magnetic polarizations, yielding a varying electromagnetic field within the media and in the separation distance between the two surfaces. The evaluation of dispersion interactions proposed by Hamaker (100) is based on the assumption that the potential between two surfaces could be represented as the sum of the interactions between pairs of atoms located within the two surfaces (particle or collector). Equations to evaluate VDW interactions are presented in Table 1 . In addition, the following relations are required to estimate the effect of an intervening medium "2" between two bodies of similar composition ("1"; eq 1) in the case of aggregation or of differing composition ("1" and "3"; eq 2) in the case of deposition (8):
Here, A 123 is the overall Hamaker interaction parameter for the deposition of a nanoparticle of composition "1" onto a surface of composition "3" when suspended in a medium "2". In contrast, A 121 is the overall Hamaker interaction parameter for the aggregation of two nanoparticles of composition "1" when suspended in a medium "2". The Hamaker constants of "1", "2", and "3" in vacuum s A 11 , A 22 , and A 33 , respectively s are required for use in these equations. These are readily available for a variety of materials, e.g., (101, 102) .
In aqueous environments, when particles approach each other (aggregation) or a surface (deposition), the overlap of the diffuse electric double layers results in electrostatic double layer interactions. Widely used equations for the most commonly encountered interaction geometries (i.e., two spherical particles or a spherical particle interacting with a planar surface) are presented in Table 1 . These equations are based on the linear superposition approximation (LSA) method that applies for low surface potentials and symmetric electrolytes (103) . The LSA is a useful compromise between the constant-charge approximation (CCA) and the constantpotential approximation (CPA), which are not likely to apply in practice. Tables S2 and S3 provide a list of Hamaker constants corresponding to several common nanomaterials. When used with eq 4, the Hamaker constants presented in Table S2 serve in determining the VDW interactions between a particle and a collector surface (i.e., for deposition). The constants listed in Table S3 can be used with eq 7 to evaluate the VDW
(1)
interaction between two particles (i.e., aggregation of particles). For the case where the Hamaker constant of a specific nanomaterial is not known, it may be evaluated using eqs 1 and 2. Non-DLVO Interactions. Beyond the traditional colloidal interactions considered in the DLVO theory, a number of non-DLVO forces can also influence the stability of a nanoparticle suspension in aqueous environments. The most significant forces encountered by engineered nanomaterials in aqueous media include steric interactions, magnetic forces (for iron-based nanomaterials), and hydration forces.
Generalized expressions describing the extent of steric forces have been derived for particles with adsorbed layers of polymers or surfactants that might lead to steric repulsion. These expressions, also included in Table 1 , are based on the Alexander-de Gennes theory (104, 105) that is used to evaluate the repulsive steric force and the Derjaguin approximation. Steric interactions can be particularly important for nanoparticles in natural and engineered aquatic environments, as most particles adsorb natural organic matter that is known to stabilize colloids (67, 83) .
Certain nanomaterials, such as nanosized iron, exhibit a magnetic dipole moment, even in the absence of an applied magnetic field (106) . For these nanomaterials, the contribution of the magnetic force may dominate the total particleparticle interaction energy, thereby leading to aggregation. Equation 9 represents the magnetic interaction energy between equally sized particles of radius a p (106) where all the variables are defined in Appendix A.
Some nanoparticles may carry hydrophilic material, functional groups, or biomolecules (e.g., proteins, polysaccharides) at their surface that can have significant amounts of bound water that may play a role in the interaction of such particles. The approach of two particles with hydrated surfaces will generally be hindered by an additional repulsive interaction. The range of this interaction is significant compared to the range of EDL repulsion and is expected to have an effect on nanoparticle stability, particularly at high ionic strength (107) .
Unique Features of Nanoscale Particle Interactions. Because of the small size of nanoparticles (less than 100 nm), their interaction with solid surfaces or other particles can be quite different than that of larger, micrometer-sized particles. These unique nanoscale particle interaction features can influence their transport, deposition, and aggregation in aquatic environments. 
a All variables are defined in the Nomenclature section. b This expression is for the case where both the particle and the surface are polymer-coated. For the case where only a single surface is polymer-coated, a factor of 2 is removed preceding each l term in eq 5a.
(a) Greater Influence of Geochemical Heterogeneities on Deposition. Geochemical heterogeneities are prevalent on mineral surfaces in subsurface aquatic environments (108, 109) . Because of their small size, the interactions of nanomaterials in aquatic environments will be substantially influenced by patchwise geochemical heterogeneities (110) . Such geochemical heterogeneities may be an important factor controlling the extent of nanoparticle transport in subsurface environments. The size of the patches relative to the size of the particles is an important factor. Nanoparticles may experience greater sensitivity to patch heterogeneity than micrometer-sized particles because nanoparticles will interact with smaller patches. When the nanoparticles are smaller than the size of the patch heterogeneities, the particle deposition rate can be approximated by the patchwise heterogeneity model (108, 109) . Similar arguments can be made regarding nanoparticle interaction with physical heterogeneities in the form of roughness.
(b) Low Energy Barrier. The kinetics of particle deposition and aggregation are dependent on the height of the energy barrier (8) . Particles that overcome the energy barrier will deposit on a surface or aggregate with another particle in a deep primary energy minimum. The height of the energy barrier for deposition or aggregation is directly dependent on the size of the interacting particles, with smaller particles exhibiting much lower energy barriers (8, 62) . Therefore, nanoparticles will deposit or aggregate more in the primary minimum than micrometer-sized particles. It has been shown that nanoparticles that deposit in primary energy minima are less likely to be released from the surface following changes in solution chemistry, such as reduction of ionic strength or changes in solution pH (16) .
(c) Negligible Secondary Energy Minimum. At the ionic strength of typical natural waters, the interaction energy of particles greater than about 0.5 µm interacting with similarly charged particles or surfaces is characterized by a high energy barrier and a secondary energy minimum (91, 111) . It has been shown that secondary energy minima play a critical role in the deposition and transport of particles greater than approximately 0.5 µm (69, 91) . Such particles readily deposit in secondary minima, even under conditions where a significant energy barrier exists, resulting in reduced transport in subsurface environments. We also note that deposition or aggregation in secondary energy minima is reversible, as particles are released or disaggregated following reduction in ionic strength or increased hydrodynamic shear (91) . Except for aggregation of nZVI particles that have strong long-range attractive magnetic forces, or metallic nanoparticles with a large Hamaker (A 121 ) constant (Table S3) , secondary energy minima are small for nanoparticles (sizes lower than 100 nm) at typical ionic strength of natural waters. Therefore, nanoparticles generally will not experience significant deposition or aggregation in secondary minima and in the presence of an energy barrier will experience greater transport than micrometer-sized particles.
(d) Interaction Energy for Very Small Nanoparticles or Nonspherical Particles. The expressions summarized in Table  1 for the calculations of the various sphere-sphere and sphere-plate interaction energies are based on the classic Derjaguin approximation (8). The resulting expressions based on this approximation are valid for large particles and for very short separation distances, much smaller than the radius of the interacting particles. Accurate interaction energies for very small particles can be calculated based on the surface element integration (SEI) technique (112) . This technique is particularly important for EDL interactions of small particles and low ionic strength, where κa p < 1 (κ is the inverse Debye length). The commonly used analytical expressions for EDL interactions (summarized in Table 1 ) are valid only for κa p . 1 (8) . The surface element integration can also be applied to describe the interaction energies of nonspherical particles (113) , which in principle can be extended to carbon nanotubes.
Quantitative Approaches To Evaluate Nanoparticle Aggregation
Three transport mechanisms govern the collision of particles during aggregation: Brownian diffusion (perikinetic aggregation), fluid motion (orthokinetic aggregation), and differential settling. For nanoparticles, Brownian diffusion is the predominant mechanism of aggregation with negligible contributions from fluid shear and sedimentation. The Smoluchowski result for the perikinetic aggregation rate constant (k ij ) for spherical nanoparticles is given by (8) For nanoparticles of nearly equal size, the rate constant reduces to For nanoparticles in aqueous solutions at 25°C, the rate constant for collision of nanoparticles, k ii , is 1.23 × 10 -17 m 3 /s. Equations 10 and 11 highlight two important features. First, for nanoparticles of equal size, the rate constant k ii is independent of particle size. This surprising result is because increasing particle size leads to a lower diffusion coefficient but also to a larger collision radius, such that these two effects cancel each other (8) . The second important feature (eq 10) is that for particles of different size, the aggregation rate constant will always be greater than that for equal-size particles, which may be significant when small nanoparticles aggregate with much larger suspended particles in aquatic environments.
Unfavorable (Slow) Aggregation. Under unfavorable solution chemistry conditions, where repulsive interactions dominate, nanoparticle aggregation is "slow" or "reactionlimited". Theoretical and experimental approaches to evaluate unfavorable aggregation are summarized briefly below.
(a) Theoretical Approaches. The aggregation rate of nanomaterials decreases in the presence of repulsive interactions, such as electrostatic or steric repulsion. In this case, the fraction of successful collisions, R a , often referred to as collision or attachment efficiency, needs to be incorporated into rate equations describing nanoparticle aggregation. When only EDL repulsion and VDW attraction are considered, the stability ratio, W ()1/R a ), for spherical nanoparticles of equal size is given by the Fuchs equation (114) A simple approximation of this equation is given by (8) Because of the exponential dependence of R a on V max , the equation predicts very low attachment efficiencies for energy barriers above a few k B T. This equation also predicts that small changes in electrolyte concentration can have a dramatic effect on the rate of aggregation. Previous aggregation kinetics studies (e.g., (8, 115) ) reveal that eq 12 markedly underpredicts the attachment efficiency of a wide range of colloidal particles, attributing the discrepancy to physical
and chemical heterogeneities of particle surfaces as well as aggregation in secondary minima (116) . Recent studies with nC 60 , however, demonstrated remarkable agreement between experimental results of aggregation kinetics and theoretical predictions (16, 18) . Note that the above analysis does not consider the role of hydrodynamic interactions. It is possible to incorporate the role of hydrodynamic interaction in the Fuchs integral equation (8, 16) . Such analysis has been successfully applied for the aggregation kinetics of nC 60 by Chen and Elimelech (16, 18) . Incorporation of hydrodynamic interaction in eq 12, however, has only a small effect on the attachment efficiency, R a , reducing it by a factor of 2 or less.
We note that the theoretical approaches for nanoparticle aggregation (as well as nanoparticle deposition to be discussed later) are limited to spherical or, in practice, nearspherical nanoparticles. While these approaches are adequate for most engineered nanoparticles, a notable class of nanomaterials, namely carbon nanotubes (CNTs), cannot be treated with these approaches. CNTs have a very large aspect ratio (i.e., ratio of length to diameter), that often exceeds 1000. CNTs, particularly SWNTs, are also bundled and are not in the form of separate nanotubes in aquatic environments. The complex nature of CNTs precludes the use of useful theories to predict their aggregation (or deposition) behavior. Hence, experimental approaches, as those described below, are often used to describe their aggregation (or deposition) kinetics.
(b) Experimental Approaches. Several methods are available to monitor the rate of aggregation of nanomaterials. Among these methods are dynamic light scattering (DLS), small angle light scattering (SALS), and fluorescence correlation spectroscopy (FCS).
Dynamic Light Scattering (DLS). DLS is the most common method to quantify the aggregation rate of nanomaterials.
This technique is also known as photon correlation spectroscopy (PCS) or quasi-elastic light scattering (QELS). In this technique, the diffusion coefficient of aggregating nanoparticles is determined from the autocorrelation function obtained from the fluctuations of the scattered light intensity as a result of the Brownian motion of nanoparticles. The effective aggregate size is calculated from the diffusion coefficient using the Stokes-Einstein equation. DLS has been used to determine aggregation kinetics of a wide variety of nanomaterials (Table 2) .
Small-Angle Light Scattering (SALS).
At very low scattering angles, the forward scattering intensity is proportional to the square of the particle/aggregate volume and is independent of their shape or orientation. Although the form factor tends to be unity for all scattering angles for small nanoparticles, it varies significantly at high scattering angles for nanoparticle aggregate sizes of 100 nm or more (117) . Therefore, SALS can be useful in deriving absolute aggregation rate constants for nanomaterials.
Fluorescence Correlation Spectroscopy (FCS).
In this approach, the particle/aggregate diffusion coefficient is determined for fluorescently labeled particles passing through an optically defined confocal volume. Temporal fluctuations in the measured fluorescence intensity are used to derive an autocorrelation curve which is related to the translational diffusion of the fluorophore through the confocal volume (118) . FCS has been used to determine the diffusion coefficients and aggregation behavior of QDs, nTiO 2 , and nZnO (43, 119) .
Favorable (Fast) Aggregation. Under favorable solution chemistry conditions, in the absence of repulsive energy barriers, nanoparticle aggregation is "fast" or "diffusionlimited". Theoretical and experimental approaches to evaluate favorable aggregation are briefly outlined below.
(a) Theoretical Approaches. The transition from unfavorable to favorable aggregation occurs over a very narrow range of electrolyte concentration, at the salt concentration where the energy barrier for successful collision vanishes. This behavior can, in principle, be predicted from eq 12. The salt concentration corresponding to this transition is called the critical coagulation concentration (CCC). The magnitude of the CCC depends on the counterion valence (z), the nanoparticle zeta potential ( ), and the Hamaker constant A 121 according to (8) This equation shows that at large zeta potentials (i.e., ze /4k B T >> 1), the CCC is proportional to z -6 . This relationship is known as the Schulze-Hardy rule. However, at low zeta potentials (i.e. ze /4k B T << 1), which are common for different engineered nanomaterials, the CCC is proportional to z -2 . In practice, the CCC dependence on z for a wide range of nanomaterials should be between z -6 to z -2 . (b) Experimental Approaches. The fast aggregation rate constant can be determined from any of the methods described earlier when carrying out aggregation experiments at high salt concentrations above the CCC. Once the favorable aggregation rate is determined, the collision (attachment) efficiency, R a , can be determined by normalizing the aggregation rate constant obtained at a given solution chemistry with the favorable aggregation rate constant. For instance, when using DLS, R a can be obtained from the slopes of the initial change of the hydrodynamic radius with time (17, 120) where the subscript "fav" denotes favorable aggregation. This experimental approach can be used to determine the attachment efficiency of all types of nanomaterials, including nonspherical nanomaterials such as CNTs.
Quantitative Approaches to Evaluate Nanoparticle Deposition
The transport and deposition of nanoparticles in saturated granular porous media are generally governed by Brownian diffusion (9, 78) , with negligible contributions from gravitational sedimentation and interception. The importance of Brownian diffusion increases with decreasing particle size, thereby increasing the number of collisions between nanoparticles and collector (e.g., aquifer grain) surfaces. Particle deposition onto a collector surface depends on a number of factors, including particle and grain sizes, particle and collector surface potentials, solution chemistry of the suspending medium, and the Hamaker constant of the particlefluid-collector (8) . In natural or engineered aquatic environments, the interactions between nanoparticles and collector surfaces s generally described by the DLVO theory of colloidal stability s can either be attractive or repulsive. The particle attachment efficiency (R d ) is a parameter that relates the particle deposition rate measured under favorable conditions to that measured under unfavorable conditions (9, 10) Unfavorable (Slow) Deposition. Analogous with aggregation, the dominating repulsive interactions encountered under unfavorable solution chemistries result in limited (a) Theoretical Approach. The most common approach in predicting nanoparticle deposition rates under unfavorable conditions is the interaction force boundary layer (IFBL) approximation (121, 122) . In this approach, the region adjacent to a collector surface is divided into an inner layer (the IFBL) and an outer layer. The inner region thickness (δ F ) corresponds to that of the EDL, while the width of the outer region (δ D ) scales with the diffusion boundary layer. The IFBL approximation assumes that δ D is far thicker than δ F and that deposition of nanoparticles due to interception and gravitational sedimentation is negligible. Relevant IFBL equations are (8) where in the above equation is given by Here, K F is the pseudo-first-order rate constant (8) Similar to the analysis of unfavorable aggregation (eqs 12 and 13), the deposition rate is very sensitive to V T /k B T. Previous deposition kinetics studies indicate that eq 17 markedly underpredicts the deposition rate for a wide range of colloidal particles and collector surfaces (8) . This discrepancy is commonly attributed to chemical and physical heterogeneities of particle and collector surfaces as well as deposition in secondary minima.
(b) Experimental Approaches. There exist two main experimental approaches to evaluate nanoparticle deposition rates onto collector surfaces in aqueous environments. The most commonly used approach is the laboratory-scale packed-bed column experiment (15, 61, 65, 78-80, 91) . a n/a indicates that the experimental parameter was not reported in the original reference.
Another experimental technique that has recently been used to study nanoparticle deposition kinetics is the quartz crystal microbalance (QCM) (66, 85) . Laboratory column studies are performed using columns packed with granular materials (e.g., glass beads, sand, or soil) and injecting the particles of interest at a known influent concentration (C 0 ) for a time period (t 0 ). The particles are generally suspended in a natural or artificial (model) solution chemistry of known composition. Particle retention in the packed-bed is evaluated by measuring the effluent particle concentration (C) as a function of time using techniques such as UV-visible and fluorescence spectrophotometry or flow cytometry. The nanoparticle attachment efficiency is commonly evaluated using colloid filtration theory (CFT) (10)
The single-collector contact efficiency (η 0 ) in eq 20 is determined in the absence of external repulsive forces (favorable conditions) using the experimental or theoretical approaches described below.
Equation 20 is derived from a mass balance for onedimensional flow in a packed column when advection is the dominant mechanism of nanoparticle transport. This assumption is adequate for most laboratory column data with nanomaterials, including those described later in this paper. However, under conditions involving very low approach velocities (approximately less than 10 -6 m/s), this equation is inadequate because transport of nanomaterials by dispersion dominates (123) . Under these conditions, one needs to determine the nanoparticle deposition rate constant by fitting the breakthrough curve to the advectiondispersion equation with a first-order deposition rate constant (124). The attachment efficiency is then determined by normalizing the deposition rate constant with the favorable deposition rate constant determined from a similar experiment under favorable conditions or from theoretical approaches described below.
Alternatively, a pulse technique can be employed to explore the behavior of nanoparticles in packed-bed columns. Once the column has been equilibrated with electrolyte, a single-step injection pulse of nanomaterials of known mass or number concentration is introduced into the column. Assuming a semi-infinite column under clean-bed conditions, the particle concentration, C(x,t), in the column at depth x and time t is given by the one-dimensional advectiondispersion equation (74, 108) A nonlinear least-squares analysis can be employed to fit eq 21 to the breakthrough curves obtained subsequent to the pulse injection. Both k d and D are obtained simultaneously with this analysis. Again, R d is determined by normalizing this deposition rate constant with the favorable deposition rate constant determined from a similar experiment conducted under favorable conditions.
The QCM has recently been demonstrated to be useful in measuring the deposition kinetics of nanoparticles onto model collector surfaces (66, 85) . In this technique, particle deposition occurs on a clean or functionalized silica-coated QCM crystal, which is excited to oscillate at its fundamental resonance frequency. As particles deposit onto the crystal, the increase in mass (m) on the collector surface results in a measurable decrease in the crystal's resonance frequency (f). For homogeneous, very thin, or quasi-rigid layers, the frequency shift of the oscillating crystal (∆f) is directly related to the increase in mass per unit area (∆m f ) by the Sauerbrey relation (125) . As the frequency shift (∆f) is proportional to a change in mass (∆m f ) at the crystal surface, the rate of change of ∆f is equivalent to the rate of mass change on the crystal surface (i.e., the rate of particle deposition or release). Hence, the nanoparticle deposition rate (r d ) can be determined by evaluating the initial slope in the ∆f measurements (66) using When the QCM flow chamber is designed with a parallelplate geometry, the Smoluchowski-Levich approximation can be used to evaluate the theoretical particle deposition rate (r d SL ) in the absence of repulsive interactions Two-dimensionalmicrochannelstructureshavealsobeenused to study nanoparticle deposition (68, 75) . Photolithography and chemical etching are employed to construct porous microchannels. Particle suspensions of known concentration are injected into the 2-dimensional structure, and the effluent concentration exiting the setup can be determined using various detection methods. Additionally, pore clogging by large nanoparticle aggregates can be visualized by mounting the microchannels onto a microscope stage (68) . Parallel-plate flow chambers can also be packed with collector grains, allowing for the visualization of particle deposition and pore clogging. While visualization of nanoparticlesinsuchset-upsischallenging,thebehaviorofparticle aggregates can sometimes be examined by mounting the setup onto a microscope stage.
Favorable (Fast) Deposition. When deposition is favorable, the nanoparticle deposition rate approaches the masstransport limited rate. In this case, R d approaches unity, and η ) η 0 . Several theoretical and experimental approaches have been proposed to evaluate η 0 for nanoparticles and are described here.
(a) Theoretical Approaches. The single-collector contact efficiency (η 0 ) is a ratio between the total rate of particlecollector contacts and the rate at which particles flow toward a collector grain. Particle transport to the grain results from sedimentation, interception, and Brownian diffusion, with diffusion dominating for nanomaterials. The single-collector contact efficiency accounts for particle transport via interception (η I ), gravitational sedimentation (η G ), and Brownian diffusion (η D ) and can be determined by rigorously solving the convective-diffusion equation (9) . Semiempirical correlation equations based on numerical solutions of the convective-diffusion equation have been developed (9, 126) . A correlation equation developed by Tufenkji and Elimelech overcomes the limitations of previous approaches that are particularly important for nanosized particles (9) . Specifically, this equation considers the influence of hydrodynamic and VDW interactions on Brownian diffusion. Moreover, the impact of VDW forces on the transport of particles by gravitational sedimentation is also considered (9) . This latter mechanism can be significant for nanoparticles of high density, such as metal oxides. Hence, the single-collector contact efficiency for nanoparticle transport in saturated granular porous media under conditions favorable for deposition can be determined using (9) The dimensionless parameters in eq 24 have all been defined elsewhere (9) .
Equation 24 was derived from numerical simulations over a wide range of particle and porous media properties, N vdW 0.053 (24) covering particle diameters as small as 10 nm, approach velocities as low as 7 × 10 -6 m/s, and particle densities as high as 1.8 g/cm 3 . The correlation equation slightly overestimates η 0 for particle diameters smaller than about 30 nm, and the Smoluchowski-Levich approximation (8, 127) should be used for such small particles. This approximation yields predictions almost identical to those obtained from numerical solution of the complete convective-diffusion equation (9) For very small nanoparticles (less than ∼10 nm) and/or for unusually low approach velocities (on the order of 10 -6 m/s or less), which are rarely encountered in practical applications, eqs 24 or 25 can yield η 0 values greater than 1, which is physically questionable. Song and Elimelech (128) have analyzed this problem and indicated that η 0 should not exceed 1. Similarly, at such unusually low approach velocities (on the order of 10 -6 m/s or less) and for nanoparticles with high specific density (like metal oxide nanoparticles), η 0 values greater than 1 can be obtained using eq 24. Here, again, the upper limit of η 0 should be set to 1. We note, however, that such conditions of very low approach velocities are rarely encountered in the laboratory or field scale. Furthermore, under such low velocities the deposition rate is so high that the nanoparticles are practically immobile and there is no need to predict their transport.
(b) Experimental Approaches. As with unfavorable deposition studies, experiments under favorable conditions can also be performed using packed-bed columns, the QCM, and micromodel flow-cells. Obtaining the favorable or transportlimited particle deposition rate can be beneficial when working with particles that undergo deposition and aggregation simultaneously. Under such conditions, the favorable deposition rate can be used to normalize observed deposition rates in efforts to evaluate R d (57) . To obtain favorable deposition (and thus the favorable deposition rate), the colloid and collector surfaces must be oppositely charged. However, this is often not the case with model collector surfaces such as silica sand, as the isoelectric point (IEP) of silica is ∼2. Many engineered nanomaterials (e.g., nSiO 2 , nTiO 2 , QDs, nAu, fullerols) also possess low IEPs (Table S1) , and, hence, at environmentally relevant pHs, their deposition will be unfavorable. To create favorable conditions for deposition, the collector can be pretreated to create a positively charged surface (e.g., coating with a cationic polymer such as poly-L-lysine (PLL) or aminosilane surface modification) (108, 129) . These surface treatments can be performed on various collector surfaces that might be used in QCM, packed columns, or micromodel flow-cells.
Current State of Knowledge on Nanoparticle Aggregation and Deposition
It can be expected that the most mobile nanomaterials will have the greatest impact on the environment, as they are most likely to contact potential receptors. In determining the mobility of any given particle, both aggregation and deposition must be considered. Aggregation and deposition are two closely related processes. The likelihood that either of these processes occurs depends on various interrelated factors. These include particle size and shape, particle and collector surface charges, and the surrounding pH and solution chemistry. An increase in size due to particle aggregation impacts particle mobility; hence, the time-scale of particle aggregation is an important consideration when conducting nanoparticle deposition studies. The information currently available in the literature on nanomaterial aggregation and deposition has been summarized and critically analyzed below.
Laboratory Studies Examining the Aggregation of Engineered Nanomaterials. Table 2 presents a summary of studies involving aggregation of engineered nanomaterials in aquatic systems. This summary includes a wide range of nanomaterials, solution chemistries, and experimental techniques. Several of these studies present quantitative assessment of aggregation rates (16-18, 34, 43) and CCCs (16-18, 20, 24, 34, 54) , while others present qualitative aggregation behavior (12, 36, 44) .
CNT aggregation in aqueous solutions of inorganic electrolytes follows the classic Schulze-Hardy rule for colloidal stability (36) . Multiwalled carbon nanotubes (MWNTs) have a negative electrophoretic mobility and are relatively stable at solution pH and electrolyte conditions typical of aquatic environments. Notably, the presence of natural organic matter markedly enhances the stability of MWNTs. Acidic functional groups, usually acquired via chemical treatment (24, 36) , increase the hydrophilicity of CNTs and substantially enhance their colloidal stability. A recent study demonstrated that clay minerals destabilize dispersed MWNTs in solution either by removal of surfactants from MWNT surfaces or by bridging between clay minerals and MWNTs by surfactant molecules (130) . In contrast to MWNTs, studies on singlewalled carbon nanotube (SWNT) aggregation are limited. SWNTs are highly bundled and are difficult to disperse even by sonication. However, once intertube VDW attraction is overcome, adsorption of surfactants (e.g., SDS) to SWNTs induces significant electrostatic repulsion, thus preventing SWNT reaggregation (33) . A recent study on SWNT aggregation kinetics has demonstrated that humic substances and biomacromolecules of relevance to biological media impart steric stabilization to SWNTs (131) .
The early stages of fullerene nanoparticle aggregation in the presence of both monovalent and divalent salts are consistent with the DLVO theory of colloidal stability (16) (17) (18) . The presence of humic acid results in greater stability of nC 60 suspensions as a result of steric repulsion (17) . In identical polar solvents, the likelihood of aggregation among fullerene nanoparticles is nC 60 > nC 70 > nC mix (132) . It was suggested that the original size and crystallographic face/lattice that control packing also play a role in aggregation in both polar solvents and aqueous solutions (19, 133) . Labille et al. (134, 135) found that initially hydrophobic nC 60 gradually become hydrophilic due to hydration and surface hydroxylation in the presence of water. It was hypothesized that this mechanism may be responsible for the gradual acquisition of titratable negative surface charge on the otherwise unfunctionalized fullerenes (134, 135) . However, a recent study indicates that the mechanism of surface charge acquisition by nC 60 is still not well understood (18) .
Aggregation and stability of CNTs and nC 60 depends on their surface properties, electrolyte concentration and type, and the specific adsorption mechanism of macromolecules, polymers, or surfactants. For example, humic and fulvic acid molecules adsorb onto MWNTs by π-π interactions in which cross-linked aromatic networks on the molecules interact with aromatic rings on the MWNTs (28, 136) . In fact, the sorption capacity and, hence, the stability of CNTs, has been directly correlated to the aromatic content of NOM (136) .
The presence of redox sensitive elements in nanoparticle structures may promote their dissolution and transformation. presence of different polymers and surfactants (51, 52, 54) (137) . Besides imparting a more negative surface charge due to sorption, surfactants, such as poly(vinyl alcohol-co-vinyl acetate-co-itaconic acid), PV3A, also decrease the isoelectric point (53) . These results collectively suggest that the properties of nZVI are controlled by the characteristics of the surfactant or polymer added to achieve targeted application of nZVI.
The stability curves in Figure 1 were prepared using the results of published experimental studies examining the aggregation kinetics of selected engineered nanomaterials under different solution conditions. Careful inspection of the data in Figure 1 (18) show how different nanoparticle preparation methods can give rise to significantly differing nanoparticle surface properties and suspension stability (Figure 1a) . The data in Figure 1a also show that the aggregation behavior of nC 60 particles can be comparable even across different laboratories (open square, triangles, and diamond). The solid symbols in Figure  1a represent results obtained with the nC 60 derivatives PCBM ( [6, 6 ]-phenyl C 61 -butyric acid methyl ester) and the corresponding butyl and octyl esters, PCBB and PCBO. When compared to nC 60 , the derivatized nanomaterials exhibit considerably greater stability (14) . Figure 1b) . These studies suggest that although individual results may vary, aggregation of engineered nanomaterials, in general, follows the classical behavior of colloidal particles in aquatic systems. We note, for instance, clear trends of increasing values of the aggregation attachment efficiency with increasing solution ionic strength, to a maximum value of 1 when the CCC is reached.
Laboratory Studies Examining the Deposition of Engineered Nanomaterials. To date, laboratory studies examining the transport and deposition of engineered nanomaterials in aqueous environments have been performed using a variety of materials, including metallic, metal oxide, carbonbased, and semiconductor-based particles. These studies are summarized in Table 3 , which lists the type of experimental approach used in each study as well as the solution chemistry and collector and particle surface properties. The key findings of each study are also included. The summary presented suggests that it is not straightforward to draw conclusions from the transport studies performed thus far. Even when considering one type of particle, several factors complicate comparison between studies. These include variability in particle size and concentration, water chemistry (i.e., electrolyte species, ionic strength, and pH), flow velocity, and choice of collector surface. Moreover, given the importance of particle surface properties, direct comparisons between experiments involving bare and surface-modified nanoparticles are difficult to make.
Column studies are currently the most commonly used technique to elucidate nanoparticle deposition behavior. Experiments in columns packed with glass beads have indicated that SWNTs are mobile (78) . Additionally, carboxylated SWNT transport in packed sand columns generally follows the behavior expected from DLVO theory, with straining limiting mobility at low ionic strength (73) . A number of column studies have been performed to analyze the transport and retention of nC 60 , employing glass beads, sand, and soil (15, 25, 59, 65, 79, 80, 93) . At low ionic strength (3 mM), and in the presence of coarser sand (d 50 ) 335 µm), nC 60 elutes from packed sand columns with little retention. However, when finer sand (d 50 ) 125 µm) and higher solution ionic strengths (30 mM) are encountered, a majority of the nanoparticles are retained (25) . In packed soil columns, nC 60 are most mobile at higher flow velocities (11.4 and 3.8 m/day), with only limited nanoparticle mobility and extremely rapid deposition encountered at a lower flow velocity (0.38 m/day) representative of groundwater flow (59) . Clearly, the choice of granular material, solution chemistry, and flow velocity all play major roles in nanoparticle deposition.
Packed column studies have demonstrated that the transport behavior of nC 60 particles is in good qualitative agreement with DLVO theory (25, 80) . In addition to packedbed column studies, the QCM has been employed to examine nanoparticle deposition onto and release from surfaces in aquatic environments (16, 57, 66, 85) . QCM studies indicate that nC 60 deposition behavior is generally consistent with DLVO theory (16, 57) .
Several studies have also reported the deposition behavior of inorganic nanoparticles (Table 3) . Bare and surfacemodified nAl have demonstrated dissimilar deposition behaviors, even though the core material remains the same (61) . Column studies with nZVI also indicate that surface modifications alter nanoparticle deposition behavior (138) . A field study involving the injection of bimetallic (Fe/Pd) nanoparticles at a contaminated test site found particle behavior to be in general agreement with classical colloid transport concepts (64) . QCM studies have established that the deposition behavior of bare and surface-modified nZVI onto silica surfaces is very different, with particles modified with amphiphilic triblock copolymer displaying significantly heightened mobility. QCM data obtained in this study correspond with column transport results (138) . However, in these studies, surface-modified nZVI deposition was not in qualitative agreement with DLVO theory.
Several studies have examined the transport potential of nTiO 2 in saturated granular porous media (60, 78, 79) . nTiO 2 retention in packed sand columns has been found to be high regardless of particle concentrations and flow velocities (60) . Additionally, it appears that distinct transport processes likely occur at different column depths. Attempting to predict titania retention within packed sand columns utilizing an empirical kinetic transport model has indicated that existing models cannot predict nTiO 2 particle retention (60) . nTiO 2 transport has been found to depend on both particle surface potential and particle aggregate size (68) . Micromodel flow cell analysis of nTiO 2 transport and retention over a wide range of solution chemistries has been conducted (68) . While the largest titania aggregate sizes are encountered at pH values closest to the pH zpc , these aggregates have been found to remain highly mobile. QCM deposition behavior of nTiO 2 onto silica was found to be in good qualitative agreement with DLVO theory (66) . Working in a similar system with QD suspensions, heightened deposition is observed in the presence of divalent cations versus monovalent cations, with QD aggregation resulting in lowered deposition rates at higher ionic strength (85) .
Although it is not straightforward to compare the results of deposition studies conducted with various engineered nanomaterials under dissimilar experimental conditions (e.g., solution chemistry, collector surfaces, and nanoparticle preparation methods), Figure 2 presents a direct comparison of data obtained in different laboratories with a wide range of nanomaterials. The deposition stability curves in Figure  2 show that nanoparticles of very dissimilar composition (e.g., nB and sulfate modified latex (SML)) can exhibit comparable deposition behavior. It is interesting to note that much of the experimental data falls in a given region of the plot and exhibits an increase in R d with increasing ionic strength. SWNTs (purple diamonds) generally experience greater retention in granular media, likely due to the influence of physical straining as discussed above. The black symbols in Figure 2 represent data obtained using nZVI with differing surface modifications. These nanomaterials generally exhibit greater stability as a result of steric stabilization imparted by their polymer coatings. Similar to the conclusion drawn from inspection of Figure 1 , the data in Figure 2 show that the deposition of engineered nanomaterials also generally follows the classical behavior of colloids, with the exception of those particles that experience additional mechanisms, such as steric stabilization or physical straining.
Challenges in Quantifying Nanoparticle Deposition and Aggregation in the Environment
Recent reviews and viewpoints have touched upon the challenges associated with characterizing nanomaterials in environmental settings. Many of these same challenges apply when considering nanoparticle aggregation and deposition in natural settings, given that in-depth particle characterization is required to fully understand particle mobility. Generally, difficulties arise due to a lack of analytical tools capable of characterizing and quantifying particles in complex environmental matrices. As a result, most deposition and aggregation studies have been conducted with simplified model laboratory systems. However, while providing important insights, particle behavior in model laboratory systems might not be representative of that observed in far more complex natural environments.
Nanoparticle transport, persistence, and bioavailability in the environment are essential aspects to consider in assessing and managing risks (7) . Factors such as microorganisms, naturally occurring colloids and organic matter, biomacromolecules (e.g., proteins and polysaccharides), sunlight, and oxidants/reductants will complicate particle behavior in natural environments (1, 2) , likely resulting in deviations from laboratory-scale experimental observations. Nanoparticles undergoing aggregation will sediment, thus becoming far less mobile. These aggregates may be ingested by organisms, potentially making their way into food chains (2) . The impact that biota such as biofilms and invertebrates have on particle behavior remains unclear and must also be considered in natural settings (1) .
Along with engineered nanoparticles, naturally occurring nanoparticles can also be found in the environment (7). Unintentional or incidental nanoparticles are a third source and can originate from combustion, weathering, and oxidation processes among others (6, 7) . When dealing with engineered, natural, and incidental nanoparticles simultaneously, establishing the source for any given particle is complicated (139) . Additionally, background levels of certain elements, such as iron, in the environment may be significant (1) . As a result, differentiating between the background elements and the engineered nanoparticles becomes a necessary and complicated task.
A majority of the aggregation and deposition studies conducted thus far have involved bare, nonfunctionalized nanomaterials. However, nanoparticles released into the environment may be either matrix-bound or functionalized, thus altering their behavior (5) . In the aim of understanding and predicting nanoparticle fate in aqueous environments, an in-depth characterization of particle surfaces following functionalization is necessary. A review describing the experimental methods available for analyzing nanoparticle surface chemistry and structure following intentional surface modification has been compiled (140) . Regardless of prior characterization, additional particle modifications and chemical transformations can also occur upon release into the environment (2). For example, particles may undergo redox reactions or become coated with organic matter (7). Organic matter alters surface charge, thus affecting particle stability and aggregate size. Bridging due to the adsorption of certain polymers onto particle surfaces can result in heightened aggregation. Both chemical and biological processes may result in inadvertent surface functionalization (6) . On the other hand, such processes may wear down or alter existing surface functionality and particle coatings.
Environmental measurements are complex, with trace amounts of particles dispersed in a highly heterogeneous matrix. Currently, environmental nanomaterial concentrations, along with particle distribution and physicochemical data in natural settings, remain largely unavailable (1, 141) . Analytical tools enabling the quantification of nanomaterials in multifaceted environmental matrices must be developed in order to better understand particle behavior. While techniques capable of identifying nanoparticles in sediments are available, they are incapable of quantifying the particles (6). Quantification will be further hindered by spatial and temporal variations in concentration (1) . In the absence of appropriate tools, recent studies have modeled predicted environmental concentrations as a substitute (4, 141) . Along with information regarding particle concentration, additional properties, such as the size distribution, must be determined to fully comprehend the aggregation and deposition processes. A recent review by Tiede et al. (142) provides a detailed summary of the analytical tools currently available for nanoparticle characterization. While various characterization techniques can be employed, only a handful can deal with multifaceted environmental samples. Such samples present an assortment of elemental constituents and can potentially include multiple nanoparticle types. To further complicate matters, particles will likely be polydispersed in natural settings, making particle size determination more difficult. The nanoparticles encountered may also be in the dissolved, colloidal and particulate phases (1, 142) .
Two key questions about nanoparticle aggregation and deposition were pointed out in the Introduction section of the manuscript; namely, "How do specific particle and environmental properties affect deposition and aggregation?", and "Are the current approaches and models used in quantifying colloidal interactions and transport applicable to nanomaterials?". This critical review begins to address these questions; however, it is evident that our current understanding of nanoparticle deposition and aggregation precludes a definitive unified answer. Although generalizations on the role of specific particle and environmental properties cannot yet be established, a comprehensive analysis of published studies (Figures 1 and 2 and Tables 2 and 3) reveals that traditional DLVO theory can generally semiquantitatively describe nanoparticle aggregation and deposition behavior. However, certain particle properties can lead to non-DLVO behavior; for instance, surface modifications such as polymer or surfactant coatings give rise to steric stabilization resulting in decreased nanomaterial deposition or aggregation. Moreover, unusual particle shapes, such as in the case of CNTs, can give rise to additional capture mechanisms (e.g., straining) which result in unpredicted nanomaterial transport patterns. Most common experimental and theoretical approaches used for evaluation of nanomaterial deposition and aggregation are applicable for spherical particles; however, we have noted above certain limitations for nonspherical or very small particles. 
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